Introduction
Diabetic nephropathy is the single major cause of endstage renal failure in the USA and Europe [1] . Despite current treatments, involving glycaemic and blood pressure control, many diabetic patients are still prone to developing kidney failure [2] . Consequently there is an urgent need to identify additional therapeutic strategies, and this will require a greater understanding of the pathogenic mechanisms responsible for the development of diabetic nephropathy.
A variety of mouse models provide valuable insight into the genetic factors which confer risk of developing diabetic nephropathy. They can also be used to identify the pathogenic importance of specifi c molecular mechanisms in promoting disease and may serve as a useful platform for testing novel therapeutic strategies. Nephropathy in humans is normally a late complication of diabetes, occurring in susceptible patients after 10-20 years of diabetes [1] . Consequently mouse diabetic models need to be maintained for extended periods after the onset of hyperglycaemia, usually 3-8 months, in order to detect substantial renal injury, and glomerular and tubulointerstitial lesions. The major limitations currently seen in many mouse models are a lack of observed hypertension, an inability to measure a decline in renal function and the absence of advanced pathological lesions [3] . Progress in overcoming the fi rst two of these problems is now being made using more sophisticated detection techniques, including radiotelemetry to measure intra-arterial blood pressure, HPLC to measure mouse creatinine clearance and inulin clearance assays to assess glomerular fi ltration rate [3] . Severer kidney lesions in diabetic mice are now being achieved by prolonging the duration of diabetes and by altering mouse genetic characteristics to make them more susceptible to diabetic injury [3] .
Most studies of mouse diabetic nephropathy are performed in C57BL/6 mice. These mice breed well, have long lifespans, are highly susceptible to the induction of diabetes and are available with a wide range of monogenetic mutations and transgenic modifi cations. This review focuses on the recent diabetic nephropathy studies performed on mice with a C57BL/6 genetic background. Recent information on diabetic nephropathy in other mouse strains are described elsewhere [3] [4] [5] . In addition, the development of diabetic nephropathy in rat models, and their comparison to mouse models, has been detailed in previous reviews [4, 6, 7] .
Models Resulting from Primary Insulin Defi ciency
Streptozotocin (STZ), an analogue of N-acetylglucosamine, is widely used to create rodent models of type 1 diabetic nephropathy. STZ is readily transported into pancreatic ␤ -cells by glucose transporter 2 and causes ␤ -cell toxicity by inhibiting the activity of ␤ -cell N-acetyl-D -glucosaminidase, resulting in insulin defi ciency [8] . At high doses in mice ( 6 200 mg/kg) STZ induces almost immediate hyperglycaemia. However, these high doses have been shown to promote non-specifi c cytotoxicity resulting in acute kidney tubular damage [9] . Consequently a problem associated with diabetic nephropathy models employing high-dose STZ is that the developing nephropathy results from hyperglycaemia-induced injury superimposed on acute renal STZ cytotoxicity, making it diffi cult to interpret any fi ndings [9] .
The effects of non-specifi c STZ cytotoxicity can be reduced to a negligible level by inducing diabetes with multiple injections of lower doses of STZ. Diabetic nephropathy studies have been performed in mice with multiple STZ doses (5 ! 40-55 mg/kg) or (2 ! 100-125 mg/kg) given by intraperitoneal injection on consecutive days with sustainable hyperglycaemia appearing within 2 weeks after the fi rst STZ injection [5, 10, 11] . Recent work using an STZ regimen of 5 ! 40 mg/kg per day has shown a hierarchical response in the susceptibility of inbred strains to development of hyperglycaemia (DBA/2 1 C57BL/6 1 MRL/MP 1 129/Sv 1 BALB/c) [12] . Therefore it is important to establish a strain-appropriate STZ dosage protocol for achieving hyperglycaemia before embarking on a major study of diabetic nephropathy using this model.
The development of STZ-induced diabetic nephropathy in susceptible mouse strains is dependent on the level and duration of hyperglycaemia with histological lesions developing both in glomeruli (hypertrophy, infl ammation, glomerular basement membrane thickening, fi brosis) and the tubulointerstitium (tubular atrophy and apoptosis, infl ammation, myofi broblast accumulation, fibrosis), resulting in a progression to mild albuminuria and increased serum creatinine, usually between 12 and 35 weeks of disease [5, 10, 13] . STZ-diabetic nephropathy is more pronounced in male compared to female C57BL/6 mice and progresses more rapidly if these mice are deficient in apolipoprotein E (ApoE), a molecule responsible for the clearance of plasma lipoproteins [13] . ApoE knockout mice have increased circulating levels of cholesterol and triglycerides, which promotes a susceptibility to atherosclerosis. The increased severity of diabetic nephropathy and albuminuria in ApoE-/-compared to wild-type C57BL/6 mice has resulted in the recent preferred use of this strain in studies examining therapeutic intervention in mouse STZ-diabetic nephropathy [14] .
An alternative genetic model of type 1 diabetes on the C57BL/6 background is insulin-2 Akita mutant mouse strain (Ins2 Akita ) [3] . These mice exhibit a misfolding of insulin-2, which results in pancreatic ␤ -cell selective proteotoxicity and islets which are largely depleted of ␤ -cells [3] . Heterozygous mutant mice are fertile and develop hypoinsulinaemia, hyperglycaemia, polydipsia and polyuria at 3-4 weeks of age, with hyperglycaemia being substantially worse in males. Homozygous mutant mice are growth retarded and die within 1-2 months of birth. Some distinct features of diabetic nephropathy in male Ins2
Akita mice include mild hypertension and increased glomerular pathology and albuminuria compared to STZtreated wild-type male C57BL/6 mice [12] . However, these fi ndings may refl ect a severer hyperglycaemia seen in the Ins2 Akita mice used for comparison. A recent study has also demonstrated that podocyte apoptosis and depletion increase sharply with the onset of hyperglycaemia in Ins2
Akita mice and coincide with the appearance of albuminuria [15] . 
Models Resulting from Primary Insulin Resistance
C57BL/6 mice are highly susceptible to obesity-induced insulin resistance resulting from a high-fat diet or genetic mutations in leptin (ob/ob mice) or the leptin receptor (db/db mice) [3, 4] . Of these models only the db/db mouse develops signifi cant diabetic nephropathy. On a pure C57BL/6 background approximately 50% of male db/db mice with unrestricted access to a normal diet will develop overt diabetes (non-fasting blood glucose 1 16 m M ), and these mice display a marked increase in albuminuria and plasma creatinine between the age of 6 and 8 months [16] . This C57BL/6 db/db strain has been successfully intercrossed with gene knockout and transgenic mice on a C57BL/6 background, and these new strains have been used to identify mechanisms of infl ammation and oxidative stress involved in the development of diabetic nephropathy [17, 18] .
Studies of diabetic nephropathy in db/db mice are more commonly performed with the C57BLKS strain, which has 84% homology with the C57BL/6 strain and 16% of alleles shared with the DBA/2 strain [19] . These mice develop similar degrees of hyperphagia and weight gain to the C57BL/6 strain, but have an accelerated development of hyperglycaemia with around 100% incidence of overt diabetes in males at 10 weeks of age [19] . This difference is thought to be due to a more rapid degeneration of islet cells in the C57BLKS strain [19] . The C57BLKS db/db model develops marked albuminuria by week 12 [20] and a 2-fold increase in plasma creatinine at week 16 [21] . This model shows a rapid progression in the development of renal injury and histopathology and is particularly suited to studies which test novel intervention therapies for the treatment of established diabetic nephropathy.
There are some special considerations to be noted when studying C57BL/6 and C57BLKS db/db mouse models. db/db mice develop marked hyperinsulinaemia during the onset of obesity and type 2 diabetes. However, islet degeneration develops as the disease progresses so that the blood insulin levels decline and animals may require insulin treatment for survival [19] . This feature is often indicated by extremely high blood glucose readings ( 1 35 m M ) in conjunction with an observed weight loss occurring in C57BKS db/db mice after 18 weeks and C57BL/6 db/db mice after 24 weeks (authors' observations). A further consideration is the validity of serum creatinine measurements as a refl ection of renal function in obese db/db mice. Obese mice have diminished muscle mass due to a lack of exercise, and this will reduce the level of serum creatinine associated with normal renal function. Consequently serum creatinine measurements are likely to underscore the actual decline in renal function in db/db mice with diabetic nephropathy [17] . Therefore we recommend that future studies use alternative techniques (e.g. inulin-FITC clearance [3] ) for assessing renal function in db/db mice.
Advanced Glycation End Products: Role of Receptor Interaction
Accumulation of advanced glycation end products (AGEs) in the diabetic kidney is associated with the development of nephropathy. Compounds which inhibit the formation of AGEs have been shown to suppress the development of diabetic nephropathy in the STZ-treated ApoE-/-C57BL/6 mice [13] and C57BLKS db/db mice [20] . Recent mouse studies have indicated that interaction with the receptor for AGEs (RAGE) is necessary for the renal damaging effects of AGEs. Treatment with anti-RAGE antibody [22] or soluble RAGE [23] is protective against the progression of diabetic nephropathy in C57BLKS db/db mice. Similarly RAGE-defi cient mice (C57BL/6 x 129/Sv) develop less severe glomerular injury after STZ-induction of diabetes compared to wildtype controls [23] . These fi ndings suggest that therapeutic blockade of AGE formation and AGE-induced responses are critical targets for treating diabetic nephropathy.
Oxidative Stress: Role of Antioxidant Enzymes
Renal oxidative stress has been implicated in the pathogenesis of diabetic nephropathy. Excess renal production of reactive oxygen species (ROS), including superoxide, hydrogen peroxide and peroxynitrate, is thought to promote damage by altering protein structures and activating signalling pathways linked to cell injury. Accumulation of kidney ROS is regulated by antioxidants and kidney antioxidant enzymes, including NADPH oxidase, superoxide dismutase, catalase, glutathione peroxidase (GPx), thioredoxin and peroxiredoxins [18, 11] . The impact of dietary and synthetic antioxidants on diabetic nephropathy has been investigated primarily in rat models, whereas the role of antioxidant enzymes has been largely determined in mice. Systemic inhibition of NADPH oxidase with apocynin treatment has been shown to suppress diabetic renal injury in C57BLKS db/db mice [15] . Studies in transgenic strains overexpressing SOD-1 demonstrated that this enzyme reduces renal oxidative stress and inhibits the development of nephropathy in STZ diabetes and C57BL/6 db/db mice [24, 18] . In comparison Gpx1 is not protective against STZ-induced diabetic nephropathy [11] , and transgenic mice overexpressing Gpx1 develop insulin resistance, suggesting that this enzyme interferes with insulin function by overquenching intracellular ROS required for insulin sensitising [25] . These experimental fi ndings suggest that oxidative stress contributes to diabetic nephropathy. However, its role appears complex, and specifi cally blocking ROS pathways in patients should be treated with caution.
Infl ammation: Role of Macrophages
Renal infl ammation is a characteristic of diabetic nephropathy in mice and humans [10, 16, 26] . Studies in STZ-treated and db/db mice with a C57BL/6 background have shown that infi ltrating leucocytes in diabetic kidneys consist almost entirely of macrophages and correlate with the development of hyperglycaemia and the increased renal expression of macrophage chemokines [6, 12] . Macrophage activation is also seen in diabetic kidneys [16, 26, 27] , suggesting that these macrophages may be a source of reactive oxygen species and cytokines. A role for macrophages in mouse diabetic nephropathy was fi rst indicated in a study which examined the impact of intercellular adhesion molecule-1 defi ciency on STZ-induced diabetes [28] . A reduction in kidney macrophage accumulation and renal pathology was evident at 6 months after STZ treatment. However, these results are controversial, since the model was induced with a single high dose of STZ (200 mg/kg), which is known to cause acute renal cytotoxicity. Subsequent studies in intercellular adhesion molecule-1-defi cient C57BL/6 db/db mice and monocyte chemoattractant protein-1-defi cient C57BL/6 mice, made diabetic with multiple lower doses of STZ, have confi rmed that signifi cant reductions in kidney macrophages result in a marked decline in albuminuria, histological damage and renal fi brosis [17, 27] . These latter studies also showed that macrophages stimulated with high glucose or AGEs can promote proinfl ammatory and profi brotic responses.
Fibrosis: Role of Profi brotic Cytokines
Glomerulosclerosis and tubulointerstitial fi brosis are hallmarks of advanced diabetic nephropathy. These prominent features arise from an accumulation of myofi broblasts and extracellular matrix in the diabetic kidney. Myofi broblast accumulation in mouse STZ-diabetic nephropathy appears to be partly dependent on local cell proliferation, which can be induced by growth factors (IL-1 and PDGF) released during infl ammation [10] . Administration of a PDGF receptor kinase inhibitor (Imatinib, STI-571) has been shown to ameliorate STZ-diabetic nephropathy in ApoE-/-mice, which include reductions in cell proliferation, myofi broblast accrual and collagen deposition [14] . This suggests that growth factors could be therapeutically targeted to inhibit myofi broblast accumulation in diabetic nephropathy.
TGF-␤ appears to play a central role in the profi brotic responses occurring in kidney cells during diabetes. Treatment with a neutralising TGF-␤ mAb has been shown to suppress the increase of renal matrix mRNAs in diabetic nephropathy in STZ-treated and db/db mice [29, 21] . C57BL/6 mice heterozygous for the TGF-␤ type 2 receptor, which have decreased TGF-␤ -induced SMAD signalling, are similarly protected from fi brosis in STZ-diabetic nephropathy [30] . In addition mice with genetic deficiencies of SPARC (secreted protein, acidic and rich in cysteine) or PAI-1 (plasminogen activator inhibitor-1) also show reduced fi brosis following STZ induction of diabetes, which is associated with their reduced renal production of TGF-␤ [31, 32] . Recently therapeutic studies have demonstrated that renal fi brosis in db/db mice can be suppressed by drugs which inhibit TGF-␤ induction of SMAD2/3 or p38 MAPK signalling [33, 34] . This latter approach of inhibiting specifi c TGF-␤ signalling pathways may prove more appropriate for targeting the profi brotic actions of TGF-␤ , since total TGF-␤ blockade can have detrimental consequences on the regulation of infl ammation and tumour suppression.
Conclusions
Mouse models of diabetic nephropathy mimic many of the structural and biochemical features of diabetic renal injury, but do not fully reproduce the human disease. The studies described in this review indicate that mice with a C57BL/6 background are a valuable tool for examining the pathogenic mechanisms of type 1 and type 2 diabetic nephropathy, particularly because of the avail-e61 ability of many monogenetic mutations and transgenic modifi cations on this strain. The use of these mice has provided important information about the role of AGEs, antioxidant enzymes, macrophages and profi brotic cytokines in the development of diabetic nephropathy. Such approaches hold promise as a means to identify additional human therapies for future clinical use.
